I
n 2003, the National Institutes of Health (NIH) launched a major effort to redirect medical research by encouraging new research paradigms and emphasizing interdisciplinary collaboration (Zerhouni 2003) . The impetus for this effort came from the recognition of counterproductive trends in medical research. Emergence of increasingly nuanced understandings of health and illness brought about by the work of highly specialized investigators has been accompanied by a growing awareness that further progress can be effectively pursued only by recognizing the interrelatedness of findings across specializations (Sanz-Casado et al. 2004) . In other words, current efforts to advance understanding are being hindered by the very specialization that enabled them (Kostoff 2002) . To move beyond this impasse, and to encourage new ways of doing science, the NIH is funding research that is designed to require and reward novel disciplinary alliances.
One such program is human pharmacogenomic epidemiology (HPE), a field that researchers from the University of Pennsylvania's School of Medicine are developing. HPE is envisioned as a new paradigm that combines the expertise of geneticists, bioinformaticians, pharmacologists, epidemiologists, biostatisticians, and bioethicists to develop a framework for examining variable drug response in humans. Support for the HPE project came from a 2004 NIH Roadmap for Medical Research planning grant designed to create "research teams of the future." This HPE grant was one of 20 awarded nationally to various research groups to enable them to prepare the theoretical and intellectual groundwork for larger, long-term interdisciplinary projects. Paralleling these objectives, the goal of our research is to examine the extent of shared experience and understanding among HPE participants and to describe changes they considered likely to occur if the interdisciplinary effort succeeded.
Challenges to interdisciplinarity
Among the common obstacles to interdisciplinary work are a lack of institutional support, geographic distance between researchers, and inadequate understanding of fellow researchers' methodologies (Potter 2001 , Sperber 2003 , Stokols et al. 2003 , Lélé and Norgaard 2005 . A less obvious obstacle is found in the paradox of what attracts researchers to interdisciplinary work. It is a researcher's specialized knowledge that makes him or her a valuable member of an interdisciplinary team. To participate effectively, however, such an investigator must in some way give up a disciplinary advantage and try to adapt his or her expertise to a new setting (van Kerkhoff 2001) . Often, the very proficiency that distinguishes people as expert in a field-a fluency with the field's vocabularies and concepts-impedes work across disciplines.
Evaluations of interdisciplinary projects recognize the centrality of this problem and report the need to develop a common ground through organized activities (Mansilla and Gardner 2005) . These evaluations suggest that participants in interdisciplinary projects must first identify their existing commonalities (Stalnaker 2002) , and then work to forge new commonalities where the task at hand demands it. Some inter disciplinary projects might succeed without participants' developing a common ground, relying instead on one or two strategically located people to translate among members who, for whatever reasons, remain inaccessible to one another. But fulfilling the goals that the NIH defined for HPE-to develop a new paradigm for research-requires active, informed participation by the majority of those involved. This demand, in turn, calls for and helps to create extensive communication networks for sharing information and developing common ground.
Facilitating interdisciplinarity
With these priorities in mind, we used a variety of methods to examine the extent of commonalities and understanding among HPE participants, and to describe the changes they thought might take place if the interdisciplinary effort succeeded. Many studies with objectives similar to ours rely on ethnographic or observational methods (Rhoten 2003 , Stokols et al. 2003 , Committee on Facilitating Interdisciplinary Research 2004 . This is a logical choice, considering that the interactions from which interdisciplinary work arises are often diffuse, and they are recognized as the beginnings of interdisciplinary work only in retrospect. Interdisciplinary efforts among medical researchers are particularly likely to unfold across widely dispersed settings, among colleagues with different schedules who may work in different buildings or on different campuses. Ethnography-conducted by a researcher who can move among several different participants or groups of participants, attend several kinds of meetings, and still accommodate impromptu hallway consults-suits these conditions better than most methods.
This type of study is very labor intensive. In a case like ours, where the interdisciplinary collaboration of interest is emerging but not yet established, and there is little way of knowing when and where elements of it will be enacted, the returns on research time investments can be low. One solution is for members of the research team to conduct the study themselves (Stokols et al. 2003) . Although this is a useful strategy that has produced some insightful accounts (Stokols et al. 2003) , it is not always practical to assume that researchers will have the time, expertise, or interest needed to conduct such research. As others have noted (Preece 2001) , there is a growing need to develop new methods that complement or parallel ethnographic work, methods that can be effectively deployed to examine dispersed activities. We sought to design a mixedmethod study that did not rely on observation, could be repeated periodically with only moderate effort, and would produce useful data that documented how actors understood existing relationships and commonalities among HPE participants.
Subjects and methods
The principal investigator of the HPE grant gave us the names of the 31 researchers affiliated with the HPE project, which included faculty from the fields of bioethics, bioinformatics, biostatistics, epidemiology, genetics, and pharmacology. We refer to these six disciplines as HPE component fields. Our survey asked respondents to name trainees they knew in HPE component fields who might respond to the survey. This request produced seven additional contacts, for a total of 38 potential participants.
We sent e-mail messages inviting all 38 contacts to participate in the survey, and followed up with two reminder e-mails (if necessary) at two-week intervals. Of the 22 people who responded to our e-mails, 2 declined to participate (one did not have time and the other was no longer involved in the project). Twenty participants returned a survey (17 faculty and 3 trainees).
The survey was sent as an e-mail attachment in Microsoft Word format, which respondents downloaded, completed, and returned by e-mail. It included questions about the subject's disciplinary training, routine journal reading habits, degree and basis of familiarity with HPE component fields, and perspective on the closeness of his or her field to the others. The survey included a section for respondents to indicate their willingness to participate in an interview. Of the 20 who completed the survey, 19 responded positively to the request for an interview, and 16 interviews were conducted, 14 with faculty and 2 with trainees (3 interviews could not be carried out because of scheduling problems).
Interviews were conducted in person, at the convenience of the respondent; they lasted an average of 30 minutes. The interview was divided into two parts. In part 1, respondents were asked to draw and discuss two concept maps, the first depicting the configuration of the current relationships between his or her field and the other HPE component fields, and the second depicting how relationships among these fields would look if they came together to create HPE as a distinct interdisciplinary field. Respondents were asked to illustrate connections between fields with directional arrows or lines, and to characterize the relationship represented by the line with a short phrase.
Part 2 of the interview examined the relationships among the HPE component fields using "common ground" theory (Bromme 2000) . Specifically, each respondent was asked what researchers in other fields might think of the role of the respondent's field in HPE. To explain the purpose of this exercise, the interviewer gave the example of exploring common ground in family dynamics by asking children what they believe their parents think of them, and then asking the parents how they think the child perceives them. When the answers are combined, researchers gain a new view into why and how family members interact in particular ways.
Survey results and discussion
The confidentiality statement given to respondents specified that results from HPE component fields with fewer than three respondents would be reported as part of the general set of results, but not by field. (The institutional review board of the University of Pennsylvania reviewed and approved this research.) Of the six HPE fields, three yielded fewer than three respondents, so our results are limited.
Disciplinary and HPE background. In the survey, respondents were given a list of 11 journals representing the HPE component fields-identified by lead investigators in HPE as the top journals in each HPE component field-and asked to indicate those they read or skimmed regularly. Every journal listed had at least one respondent indicate regular reading or skimming. The journal Nature Genetics received the highest number of responses (10 subjects), followed by the American Journal of Epidemiology (7 subjects). The remainder of the journals were read or skimmed by three or fewer respondents.
Respondents were then asked to name two seminal articles in their field that they would recommend to a graduate student, and two seminal articles in HPE. Subjects listed a total of 44 articles, and included 53 authors' names in their lists. Of the 53 names, 36 appeared once, 14 appeared twice, and 3 appeared more than twice.
Disciplinary relationships. Respondents were asked to rate their familiarity with HPE component fields by agreeing or disagreeing with the following statements, as applied to each field:
1. I understand the basic objectives of research in this field. 2. I understand the methods used in research in this field.
3. I understand the terms and language used for research in this field. 4. I have attended colloquia in this field. 5. I have a number of friends or close colleagues in this field. 6. The goals of my research and those of this field are similar. 7. I use results from this field's research in my own work. 8. I could teach a course in this field.
Respondents did not answer these questions for their own field. Table 1 indicates the percentage of respondents who agreed with each statement for each field. The statement agreed with most often concerned the understanding of another field's objectives, and the fields for which this answer was given most often were biostatistics, epidemiology, and genetics. Respondents also reported other areas of familiarity, such as having colleagues and friends in the field (epidemiology), understanding the goals of the field (biostatistics), and using the results of the field (genetics),
Respondents were then asked to rank the closeness of their own field to other HPE component fields, with 1 representing the most closely related to the respondent's field, and 5 the least closely related. Respondents did not score their own field. Nineteen of the 20 subjects answered this question. Table 2 reports the average relatedness score for each field. Epidemiology's low score (2.14) indicates that more respondents from other fields indicated epidemiology as the field most closely related to their own field, and the high score for bioethics (4.19) distinguishes it as the field that most respondents ranked as least related to their own.
Journal and disciplinary awareness scores. To devise measures of interdisciplinarity across survey respondents, we created two scores, a journal score and a disciplinary awareness (DA) Professional Biologist Note: Respondents did not respond to questions for their own field.
score. The journal score was created by summing the number of journals that each respondent checked. Scores ranged from 0 to 4 (mean = 1.95, median = 2, mode = 2 and 3). The DA score was a sum of how often each respondent agreed with the familiarity measures in table 1. Each respondent was asked eight questions about five fields, so that possible scores ranged from 0 to 40. Real scores ranged from 8 to 34 (mean = 16.5, median = 16, mode = 14 and 17). As table 3 shows, participants who reported reading or skimming a higher number of journals also tended to report a greater familiarity with other fields.
Interview. The interview was conducted within a week or two of the survey, and began with the interviewer asking respondents to draw and discuss two concept maps, the first depicting the configuration of the current relationships between the subject's field and the other HPE component fields, and the second depicting how relations among these fields would look if they came together to create HPE, a distinct interdisciplinary field. After completing the drawings, respondents were asked to explain them to the interviewer. Following this discussion, respondents were asked a series of questions concerning how he or she thought members of other HPE component fields would describe the role of the respondent's field in HPE. These interviews were audiotaped and transcribed, and concept maps were scanned and saved as individual PDF (portable document format) files. (See figures 1 and 2 for concept maps from one interviewee, "Bioethicist 008." Subject data are distinguished here and throughout the text with unique threedigit identifiers.)
Concept maps
We analyzed the concept maps first as relationship matrices, and then by examining the verbal descriptions provided by subjects. Relationship matrices address the degree of connectedness that respondents reported among HPE component fields, and the verbal descriptors provide the context for those connections. We then analyzed passages from the interview transcripts during which respondents were asked to explain the differences between their first and second drawings. tional relationships (providing and accepting consultation, data, and support) and four that represented unidirectional relationships (centralization, collaboration, data analysis, and study development). The objective of the concept maps was to document respondents' sense of how disciplinary relationships would change if HPE emerged as a field.
Overall, the number of connections increased from map 1 to map 2 from 463 to 543. However, 160 of the additional connections in map 2 are attributed to HPE, which did not exist for map 1. Thus it might be a more accurate description of the change to say that from map 1 to map 2 the total number of relationships for HPE component fields decreased (from 463 to 383), while the appearance of HPE added 160. Closer analysis upholds this way of interpreting the overall changes.
Except for bioethics, which increased only marginally (4 percent, n = 2), all of the HPE component fields lost connections with the emergence of HPE (map 2). Pharmacology and biostatistics lost the fewest number of connections, 10 percent (n = 7) and 7.7 percent (n = 5), respectively. The remaining fields (bioinformatics, epidemiology, and genetics) each lost approximately 25 percent of the connections depicted in map 1. These changes might suggest that participants think the emergence of HPE will be achieved by more closely integrating work in epidemiology, genetics, and bioinformatics. Figure 3 illustrates the relationship between the loss in connections within these three fields and the respective gains by HPE.
Six of the 10 types of connections lost numbers from map 1 to map 2 (figure 4). Consultation, data giving, and data taking all decreased 5 percent to 11 percent. Data analysis decreased 68.6 percent (from 51 to 16), and support giving and support taking each decreased 43.8 percent (from 48 to 27). These data suggest that participants predict that HPE will absorb the specific function of data analysis and eliminate or reduce the need for fields to rely separately on each other to provide support. Changes among the remaining connections show a complementary pattern. Among the types of connections that gained numbers in map 2, centralization increased the most, experiencing a fivefold change (from 9 to 45), and study development increased 130 percent (from 23 to 53). The collaboration connection increased as well, by 19.4 percent (from 62 to 74). Also of note, data taking, although decreasing slightly overall (from 60 to 57), was attributed to HPE 27 times in map 2, making it the third most common type of connection attributed to HPE. This suggests that participants speculate that HPE will replace other fields as the entity that gathers and assembles data. The dramatic increase in the centralization function, which is caused almost entirely by a rise in the number of connections attributed to HPE, as well as the large increase in study development and the lesser but still notable increase in collaboration, also confirm this interpretation. However, it should be noted that even added together, the increases from map 1 to map 2 in centralization, study development, and collaboration (n = 78) do not equal the increase in relationships left unspecified, which grew 190 percent (from 48 to 139), so that any conclusions based on these data must be highly speculative.
Concept maps as interview comments. We reviewed the passages in which respondents discussed the differences between their first and second maps, and noted the fields that each one discussed and the range of changes that respondents associated with each field.
None of the HPE component fields was ignored in these passages, although some were mentioned more often in lists naming several fields, whereas others were singled out for individual comments. Bioethics, biostatistics, and pharmacology fell into the former category. Bioethics attracted the most contradictory comments, with some respondents strongly asserting its relevance to HPE, while others dismissed it.
The fields most often singled out for specific comment were genetics, epidemiology, and bioinformatics. Statements about these fields paralleled findings from our analysis of the maps' verbal descriptors. For example, in explaining the differences between maps 1 and 2, several respondents characterized the emergence of HPE as requiring or creating greater centralization among these HPE component fields, and more intensive collaboration among investigators in these fields. An epidemiologist observed, "HPE can integrate, can serve as a integrator for all of these... fields [genetics, epidemiology, and bioinformatics] where a lot of the work in the past has been sort of parallel interactions" (010). Comments that directly addressed "study development, " whose code showed a substantial increase in the verbal descriptors from map 1 to map 2, were found only infrequently in the interview transcripts. This might have been because ideas related to study development were represented on the maps by individual phrases or words and readily distinguished, but in the interviews similar comments were integrated into narrative passages that addressed the overall integration of research that HPE would most likely provide, and thus seemed more concerned with centralization or coordination of research efforts.
One interviewee explained the difference between maps 1 and 2 thus:
In diagram one, I drew epidemiology in the center, and I began to spoke and wheel out from epidemiology, mainly collaborating with pharmacology, consulting with bioethics, consulting with biostatistics, and obtaining aid from bioinformatics. And from that standpoint then, I drew genetics collaborating with pharmacology, and that was the base model.... And then I began to draw discussion arrows.... Essentially what I was getting at there was that all of these discussions would take place with any of the other connecting-line parties.
In diagram two, this was actually a little bit easier to manipulate, being that HPE then would serve as that discussionary role or collaborative role. And so I wrote kind of at the bottom that HPE serves as the facilitator between all parties, discussions. There are discussions, collaborations and consults essentially. So in the second diagram, I drew HPE in the center and hung off genetics, pharmacology, bioethics, epi[demiology] and biostatistics, recreating the conditions from figure, from diagram one in diagram two. (092) Another expressed a similar sentiment about the coordinative role of HPE but attributed a more active role to the emergent field: "The HPE part of this is trying to pull together, it's primarily trying to pull together genetics, pharmacology, epidemiology into a sort of a different, into a more unified thing, entity of some kind and that the biostat, bioinformatics are feeding into that process largely through study design and...I put bioethics as kind of a coequal piece to this because this is, it's not relating to each of the individual pieces. It's kind of relating to this whole larger thing, this new entity" (047). Phrases describing HPE's role as providing a "backbone" or "conduit" also expressed this idea. One theme that the transcripts illustrated was not evident in other parts of the study, namely, the extent to which participants considered HPE component fields to be already interdisciplinary. These statements did not contradict findings from other parts of our study, but provide an interesting perspective on how respondents understood the current arrangement of component fields. "There are different flavors of genetics, so to a certain degree that's interdisciplinary, but certainly epidemiology, you know, it's both a clinical and a social science. And bioinformatics is both a computer and a biological science, etcetera. So there's a great deal of multidimensionality and interdisciplinariness to this, to each one of the bubbles here. But HPE is even more so. It's like a second-order degree of interdisciplinary structure to it. So that's why I put the HPE bubble sort of on top or underneath with all of the links connecting to it" (091).
Common ground
The last section of the interview asked subjects to discuss what they thought individuals from the other HPE component fields understand the role of the subject's field to be in HPE. Many respondents answered these questions substantively, as in the answer from an epidemiologist who speculated that someone from pharmacology would say that epidemiology's role in HPE is to be the "source of testing hypotheses in greater populations, through RCT or observational studies." The remaining substantive responses to the common-ground question can be analyzed only in a limited fashion, because the confidentiality protocol of the study limits reporting of data from fields with fewer than three responses. Nonetheless, an interesting pattern can be noted. Among the fields that received "don't know" responses were bioinformatics (n = 5), bioethics (n = 2), biostatistics (n = 2), pharmacology (n = 2), and genetics (n = 1).
The five "don't know" responses about bioinformatics were made by subjects from three different fields. An epidemiologist commented, "I don't understand bioinformatics. If they don't understand epidemiology either, they'd probably say that they don't know [what role epidemiology plays in HPE]." A bioethicist said, "I'm not sure that there is much that [someone from bioinformatics] would have to say about what we do." The frequency of bioinformatics as a recipient of a "don't know" response speaks not to an image of bioinformaticians as unimaginative-it does not tell us whether bioinformaticians do or do not understand the roles of other fields in HPE. Rather, being able to provide a substantive answer to this question requires that the respondent have a mental picture of what a field other than his or her own does in order to momentarily adopt the framework of that field and view one's own field through the adopted field's lens. The frequency with which respondents said those in bio informatics did not know what people in other fields do does not suggest that respondents think that bioinformaticians do not understand other fields. Rather, it suggests the reverse: that people in other fields do not understand bioinformatics, a finding supported from the survey portion of the study (see table 1 ).
Conclusion
This study used a mixed-methods design to examine the extent of shared experience and understanding among participants in an emerging interdisciplinary medical research field concerning drug reactions, and also documented participants' thoughts about changes they considered likely to occur if the interdisciplinary effort were to succeed.
We found a wide familiarity among participants with the six component fields of HPE. With the exception of one field (bioinformatics), at least 50 percent of participants reported being familiar with the objectives of the other HPE component fields. However, for only two of the six HPE component fields did more than 50 percent of subjects report understanding the language and terminology of the other fields. We found that subjects who reported reading a more diverse array of journals were also those who reported a greater familiarity with objectives, methods, and language of other fields. Of note, although bioinformatics is the field reported to be the least understood by other members of the HPE team, team members from bioinformatics reported the most inter disciplinary reading habits and the greatest level of understanding of the other HPE component fields.
The concept-map exercise showed that subjects predict that the emergence of HPE will reduce and equalize the number of connections among HPE component fields. HPE will do this by coordinating or absorbing some of the data collection and study development connections that currently exist among component fields, and by taking on responsibilities for coordinating and centralizing activities. Interview data confirmed these findings.
Data from the common-ground questions support conclusions drawn from the concept maps. The roles assigned by subjects to fields other than their own, as depicted in the concept maps, correlates closely with the roles attributed to particular fields by subjects from those same fields, as communicated in the common-ground exercise.
Several limitations to this study should be noted, starting with our limited ability to report data on all of the HPE component fields because of the confidentiality conditions triggered by the low response rate in three fields. In some sense, though, this limitation is also a finding. The response rates of 53 percent (survey) and 42 percent (interview), while better than those for many studies, are still low, considering the circumstances of the study. Potential participants had already declared their interest in interdisciplinarity and in HPE by virtue of their membership in the broader HPE project. Thus, one might assume that such interest would extend to a project studying interdisciplinarity as it is related to HPE. Although more research would be needed to understand why this assumption did not generally prove to be the case, conversations that took place while arranging interview appointments suggest two factors. First is the repeated complaint of time constraints. Some people who said they had an interest begged off because they could not take time away from their own research. Second is a possible skepticism among some HPE scientists about the need for preliminary research to facilitate HPE. They noted that they had managed to handle cross-disciplinary collaborations successfully in the past, and that the need for special attention to promote interdisciplinarity in the present seemed unclear. Other important study limitations include a small sample size and the use of new, unvalidated instruments. The intent of the study, however, was not to draw generalizeable conclusions about how to best facilitate interdisciplinarity among scientists, but rather to initiate such an inquiry to better understand interdisciplinarity in this specific setting. The study produced useful insights into how researchers currently make sense of the HPE project, and serves as a baseline account should there be interest in examining how these views change over time. The study also demonstrated the utility of methods not dependent on observation to examine interdisciplinary activities. Importantly, these methods can be used to examine a wide range of pursuits that take place dispersed across time and space, which is an increasingly vital capacity as Internet support of far-flung social networks continues to grow.
